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ABSTRACT
N

\

The receiving frequency responses of hydrophones

in the 1- to 1O0-cps range are determined at the

USRL in a closed tank system. The procedure

requires that certain physical constants of the

electrodynamic driver and the water-filled tank

be known. The techniques for determining these
physical constants of the system are described

and arorlyzed in this report, and the results of

one determination of the constants are used for

illustration

i V. A Wh r, SL CIAL

'ii

L L



TABLE OF SYMBOLS

Ad Diaphragm area (effective) (cm
2 )

Am Manometer -ross-sectional area (cm2 )

At Cross-sectional area of glass tube (cm2 )

B Magnet flux density (gauss)

D Linear displacement of water level in the manometer or

measuring tube

E Precision of hydrophone calibration

e Voltage (volts)

F Force (on the coil-diaphragm by the magnetic field)(dynes)

f Frequency (sec - )

g Gravitational constant (900 cm/sec 2 )

h Linear displacement of mercury level in manometer (cm)

i Current (abamp or amp)

1ORR 2
K Attenuator facor R+R1 +R2

L Voice coil wire length (cm)

Md Diaphragm mass (effective)(grams)

P Pressure (microbars or dynes/cm 2 )

R,RIR 2 Attenuator circuit resistances

r. Radius (cm)

Sc Chamber stiffness (effective at the diaphragm)(dynes/cm)

Sd Diaphragm stiffness (dynes/cm)

li



T Attenuator voltage attenuation (db)

T' Attenuator voltage attenuation (ratio)

V Volume displacement (cm3 )

A Change in

C X Error in hydrophone calibration due to error In x

-q Hydrophone calibration [20 log (e1/P)]

-q' Hydrophone calibration (eyIP)

d Linear displacement of diaphragm dome (cm)

!m Linear displacement of diaphragm through manometer
compliance (cm)

p Density of mei'cury (13.5 grams/cm
3 )

w Angular frequency (o - 27Tf)(radians/sec)

R Approximately equal to

Should be made equal to

log Logarithm to the base 10

x f(y,z) x is a function of y and z
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THE CALIBRATION OF A LOW-FREQUENCY

CALIBRATING SYSTEM

1. 0 INMRC5XTI

The low-frequency system used at the Underwater Bound Reference Laboratory was
designed by the Bell Telephone Laboratories. Its general features are described in
the Swmry Technical Report of Division, 6. NW~, Vol, 10, pages 115-115. it is
also described in detail in OERD report 8,1 ar 783-1308, entitled A Low, frequency
R'ydrphone Calibraztion System. This latter report includes theory, development
details, and operating instructions, and is prerequisite to *a full understanding of
the material presented in this report.

It i. the purpose of this report to elaborate on and describe the sqalysis and
techniques used in a recent calibration of this systm .at the URL By calibration
of the system is meant the evaluation of the physical constants of the system whlichI are used in obtaining the hydrophone calibration data. The details of this pro-
cedure are discussed only briefly in the O6RD report.

Fig. I show all the system components important to the system calibration.

2.0 1AL AKAMLT3IS

2.1 'Mew the Sytte Functions
After the low-frequency system Is calibrated, the hydrophone calibration is

obtained In three simple steps.*

(a) The output voltage #A from the Lattenuator is made equal to the bydrophone
output voltage ea, by adjustment of the attenuator (R2 ).
(b) The bydrophone calibration is read directly from the attenuator dial,
(c) Cargetians fbr ohember stiffness SC, and hydr~hions premplifier-coupling gain
or loss, awe applied.

242 Fundamental Equation.

?he euation wich relate the bydwphome calibration to the attannator setting,
mad the mercury displacement in the slanciester to the chamber stiffkess are as
follows:

z 0 k g 0 [,r 4 dd) (2.1)

L*
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6d 0.8Li - 2hpgA~d M3)

Sd

h Ad (2.4)

These equations are derived in the OBRD report.. 1-e individual terms in these
equations may be grouped as follows:

(a) System constants, Sd, Md' Ad. Am. B. L, R, R1, R2 , and T, which are functions
of the electrodynawic projector, manometer, or attenuator circuit and which are
assumed to remain unchanged unless the system components are altered. T. is an
"adjustable" constant.

(b) System variable, Sc, which is a ftmction of the type of bydrophone under test,
the air bubbles and other pressure-release material in the tank, and the temperature
of the system

(a) Universal constants, p and g.
(d) Variables, i, h, and .

(e) Values that cancel, 'dand

2,3 Accuracy

2.31 Independent Methods

The measur#aent of each physical constant was made by more than one method, and,
insofar an it was possible, each method was msade independent of the others.
Frequently two methods had a common factor, but an error in such a factor was
usually subject to cancellation. Generally, the arithmetic average of the data
from different ms bode was taken as the final result, unless there was good reason
to give more weight to particular data, The deviation will be defined as the
difference between an accepted final average value, and the value determined by
a single method,

2.32 Interdependence of the Constants

To a large extent the value of a constant, once measured, we used in the measure-
mst and omputation of a different constant. This int erdependenoe is helpful In
crous-cbsding the final results providing crcular reasoning is not used; that is,
one cannot measure A in terms of B, B in tents of C, and C in term of L. How
helpful the interdependence can be is best illustrated by the measurement of Sd.
Two volvme displacement methods were used-we dependent on A ne indeendent.
The fact that these two methods show good agreement implies that A is probably
correct.

2.3 'letimated Errors

After each constant was measured, an estimate was "ade of the probable error.
Then errors wre tba used in paragrmph 1M$8 to scertain the probable precision
of the over-&U calbration.

4W|



3, 0 MEASUREMENT OF TIE FORCE FACTOR 1L

3 1 Analysis

Although B and L are separate constants, only their product is uted in the
equations. The product BL is frequently called the "force factor" since it

represents the force on a wire in a magnetic field as a function of the current
in the wire (F - BLi) rThi.s force factor can be readily measured. BL is therefore

taken as a single constant

3 2 Methods

3 21 General Considerntions

A convenient way to measure BL is to place the voice coil in the magnetic gap,

drive a measured direct current through the coil, and measure the force exerted

on the coil with a weight scale or balance The force and current are then related

by the following equations:

F = BLi (F in dynes, i in abamps)

98OF BL/IiO (F in grams, i in amps)

BL 93OO F/i

A common trip balence, accurate to ±0 1 gram is sufficient to measure the force

This principle was used' in the three slightly different methods described below.

The apparatus is shown schematically in FIg. 2

A fourth, "floating", method is also described below

3.22 The Fish Line Method

The diaphragm and coil assembly was suspended from the edge of a trip balance
pan with fish line and tape. The magnet was placed such that the coil hung in

its normal position in the magnetic field wnen the trip balance was in balance

Particular care was taken to assure a free-moving system, although friction to the

extent of about 2 gram weights persisted.
A measured direct current was passed through the coil in such a direction as

to pll it down. The system was balanced while the current was flowing If the

system were free of friction, the apparent weight of the diaphragm when the system

was balanced would have provided the required data; however, the presence of the

2 gram weights of friction necessitated additional measurement, With the system

in balance, the pull of the trip balance was increased in increments of a few
,enths of a gram until the voice coil was pulled out of the magnetic gap.. This

release is sudden and not gradual. The procedure was repeated except that the pull

of the balance was decreased until the voice coil was pulled down into the magnet.

The balance adjustment was computed at these two extremes and the average taken

as the correct apparent weight of the diaphragm assembly.

The pull of the balance can be changed either by readjustment of the weights in

the balance arm or by adding to, or subtracting from, a group of analytical balance

weights in the balance pan The second of these methods Is preferred since ehazige

can be made with least dist-urbance to the balanced system,

4
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Fig. 2. 8L Measurement Apparatus

5



The weight of the diaphragm assembly alone was also measured, although this was
not necessary since the method of differences, which cancels out such constant

factors, was used, as is discussed in paragraph 3.3.
Six different currents were used and the corresponding apparent weights computed.

The da-a are shown in Fig. 3.

3 23 The Pull Rod Method

The same general scheme was used here aa in the Pish Line method, except that the
fish line was replaced with a 1/16.inch brass rod soldered to the diaphragm dome
and to the edge of the balance pan. This provided a rigid, and generally more
satisfactory, cornection It also allowed the coil. either to pull or push the

t! h I n^ Tn +.h s-'- , *,rv vmethod, the voicecoil curren -. ,- 4.,-+

in the Fish Line method The data are shown in Fig. 4.

3,24 The Push Rod Method

In this method the current was passed through the voice coil in such a direction
as to cause the coil to push up. This permitted a balancing out of the weight of
the diaphragm assembly by the trip balance arm adjustment before current was
driven through the coil. Then, with current through the coil, the system was
brought into balance by adding weights to the balance pan in an amount sufficient
to equalize the apparent negative weight of the coil. After the balanced system
condition was obtained, procedures for cancelling out the frictional drag, as in
the fir3t two methods, were followed. Here the friction margin was +i gram instead
of the ±2 grams found in the Fish Line and Pull Rod methods. The data are shown
in Fig. 4.

3 2S The Floating Method

As a single point check, the current was found which would cause the diaphragm
assembly to float in the magnetic gap, Under this condition, the force would be

equal and opposite to the diaphragm assembly weight. This was done two ways--by
floating the diaphragm above the magnet, and by hanging the diaphragm below the
inverted magnet. The current in each case was the same. This single check point
in each case is shown in Fig, 3,

3.26 Other Methods

Other methods, involving the use of a fluxmeter and the measurement of small
displacements, can be used. These methods have advantages over the force factor
method, but were not used here because of the temporary lack of proper equipment,

3.3 Data Summary

In order to eliminate errors in absolute measurement, the method of differences
was used. That is, the slope of the curve F = f(i) was found. This eliminated

constant errors in both F and i. The data taken by the four methods had a total
spread of 0.,37X]0 6  The average value of BL, giving all four methods equal weight
was 10 2 g.auss-cm, The summary data are tabulated below.
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MEI'OD 0L DEVI AT; ON

Fish Iaie 10 42X10 6  10, 22X1.06

Pull I',od 10. 14XI. 0  0- , 0X 1

Push Rod 10 05X10 6  15X10'

FloatIng 10, 17X10 6  -. 03XlO6

Average .10 20X10 6 (10 20X106) gauss-cm

4 0 MEASUREMENT OF THE DIAPHRAGM STIFFNESS Sd

4 1 A--'.....

The diaphragm stiffness is defined as

Sd F1,-=

where F = force on the diaphragm i.n dynes;

d= linear displacement, in centimeters, of the equivalent piston

diaphragm (see paragraph 5 1 for discussion of "equivalent piston dlaphragm").

Measurement of Sd requires a means of applying a known force to the diaphragm, and

measuring the linear displacement, ed A known force c-n be obtained by driving a

known current through the voice coil, and using th, xnown force factor BL to

calculate the force on the coil-diaphragm assembly. As an alternative, if the

effective area of the diaphragm Ad is known (see paragraph 5.3), air pressure can

be used to move the diaphragm

To measure the linear displacement directly, a dial indicator, accurate to

0. 0001 inch can be used. Because of the small amplitude of the diaphragm motion,

however, it is more accurate to measure the linear displacement indirectly by

measurement of the volume displacement If the volume displacement of the whole

diaphragm (effective area : 14 cm2 ) is channeled into iand measured in a small tube

(cross-sectional area --0. 1 cm), the linear displacement is magnified by a factor

of 140, and thus made easier to measure. Here again, Ad must be known to correlate

the volume displacement and linear displacement..

With two methods of moving the diaphragm (coil current or air pressure), and two

methods of measuring displacement (linear or volume) four different combinations

can be used in m,!asurilng Sd. All will be dependent on other known constants

(BL, Ad, and Am), but to different degrees or in different ways, so that each
method will be partially or totally independent of the others.

The stiffness of the diaphragm can also be found by the resonant method if the

effective diaphragm is known,,

;'urther analysis details are given under the individual methods used,

4.2 Methods

4.21 Sd as a Function of Volume Displacement and Voice Coil Current, Sd ': f(V0J).

4, 211 Description

The schematic arrangement for measuring Sd as a function of the voice coil current

awd volume displacement is shown in Fig 6. The function is:

9
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METHOD ONLY SCAE-I WERMANMANMETER

Fig. S. Volume displacement apparatus
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F IfLi
Sd  -- Y _ LAd

gd V/ALI -

The volumne displacernnt i.i mcasured in the glass tube, of cross--sectional area At
by measuring the linear dlsplacement D of the water level That is

V At D

Sd BL Ad[j* k{]

From other measurements.

BL = ID. 2X10 8 gauss-cm (pai'a. 3.3)

Ad 13 8 cm2 (para 5 3)

At = Am = 0.098 cm2 (para 7, 0)

Sd 48 5X163 (ilD) dynes/cm

Constant errors in both i and D can be cancelled out by taking the reciprocal of
the slope of the curve D - f(i) as is shown in the data in Fig. 8.

4,212 Procedure Notes

Three points in this technique require elaboration:

(a) It was necessary to keep the volume undergoing displacement as small as
possible. The whole tank was first tried, but the changing volume, due to tempera-
ture changes, caused the level in the measuring tube to drift too rapidly to obtain
data. The volume was drastically reduced by putting the block fitting over the
small recess in the tank wall in front of the diaphragm (see Fig. 5),

(b) It is important to keep the volume displacement through other parts of the
system (e.g., rubber gasket) corstant Therefore, the static pressure must be
constant. This was done by making the copper tubing compliant and adjustable in
the vertical direction- Before any data were taken, the water level was adjusted
to a fixed position by aligning it with the zero point on the microscope scale.
After a level change due to a volume displacement induced by the moving diaphragm,
the level was again adjusted to zero before the linenr displacement data were taken..
These data were -read as the displacement of a hair line on the glass tube with
respect to the microscope scale. The hair line on the glass tube was literally
a hair held in place with Scotch tape. Since the change in displacement D with
change in current i were the important date, the initial relative position of the
hair line with respect to the water level was unimportant.

(c) The whole block and tubing assembly had to be assembled under water to avoid
trapped air in the volume being displaced.

11
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4 213 Data

The data from thit- method are shown in F~i'g 6

422 Sd as a Function of Volume Displacement and Pressure, Sd f(V"P)

4.22: Description

The schematic arrangement for measuring Sd as a £fnction of the volume displace-

merit and the pressure on the diaphragm is shown in Fig. 5 The function is

F P A [
6 d /Ad

Just as in the Sd = f(V,i) method, the volume displacement V = AtD,

S =A2 =

From other measurements

Ad 138 
2

At Am = 0.096 cm2

. d  1985(PID) dynes/cm

The procedures for measuring the volume displacement as a function of the linear

displacement D in the measuring tube were the same here as in the .first method.,

A water manometer was used to measure the pressure changes because such changes
were too small to be measured with a mercury manometer or conventional gage,

4.222 Data

The data obtained with this method are shown in Fig. 7, Note that the change in

level in one arm of the manometer represents one-half the total change in pressure.

4.23 Sd as a Function of Force and Linear Disp
1'acement. Sd = (F,1)

4.231 Description

The schematic arrangement for measuring Sd as a function of the linear displace-
ment of the rigid or dome part of the diaphragm, and of-the force F is shown in

Fig 8 As is shown in Fig., 9, this displacement, and the displacement of the

equivalent piston diaphragm are the same., The function is

F BLi BLi
Sd-- - i in abamps) = iin amps)

Cd ed 7O d

~13
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00000
D IAL

INDICATOR

DIAPHRAGM 000

TANK WALL

i COIL DIAL READING DIAL
CURRENT IN .001 IN. READING D (.001 in.)
IN MA i ON i OFF CHANGE L (amps)

+200 -3.2 -0.6 2.6 13.0
+200 -- 32 -0 6 2.6 13.0

-200 -3.8 -8.2 2,8 13.0
-200 -3,8 -8 2 2.6 13.0
-200 -3.6 -8.2 2.8 13.0
-100 -3.5 -4.8 1,3 13.0
-100 -3.5 -4.8 1.3 13.0
-100 -3.5 -4.8 1.3 13.0
+100 -3.2 -1.9 1.3 13.0
+100 -3.,2 -1.8 1.2 12.6
+100 -3.2 -1.8 1o2 12,0
-+100 -3.2 -1 8 1.2 12.0

U -100 +1.0 -013 1.3 13.0
O -100 +0 9 -0.3 1.2 12.0

-100 +1.0 -0.3 1.3 13.0
- -100 +1.0 -0.3 1.3 13o0
" +200 -0.2 +2.4 2.8 13.0
J-* +200 -0.1 +2.5 2.6 13.0

02 +200 0 +2,6 2.8 13.0
+200 0 +2.6 2.8 13.0
/ -200 +8. 5 +6, 0 2.5 12.5

-200 +3.5 +8.1 2,8 13.0
1-100 +3.5 +6.1 2.e 13.0

-200 3.5 +6.1 2.8 13.0

307.5
- 12.81 * 13

24

Fig. 1. Diapheags displaeemant .ss , function
of wveke coil auetant.
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COMPLIANT FLANGE

EXTREMITY POSITIONS

NEUTRAL POSITION

__ 000_ __

ed EQUIVALENT VOLUME
DISPLACED BY MOTION

IN ONE DIRECTION

Vol. =-(r.1 + r~lrp + re2  ed ffote: is the linear displace-

mont of both the diaphragm dome

A 2 and the equivalent piston dia-10d (' r.1 2 + rlr2  2  phragm.

RADIUS OF EQUIVALENT PISTON =~ (~ r.,2 + r.Ire + re2)

.1
2+rr+r2 )

to re EQUIVALENT PISTON DISPLACEMENI

ACTUAL DISPLACEMENT

Fit. 9. Diaphragm displacement geometry
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Prom other measurements

OL 10 2XI.00 gauss-.cm

Sd  102X i06(/td) dynes/om

4.232 Data

The data from this method are shown in Fig 8 Unlike the other methods, small
increments of current and force could not be used here because either the diaphragm
or the dial indicator tended to .jerk Therefore, only four currents were used. To
compensate for the inability to draw a curve and measure the slope as in other
methods, the data were repeated several times Note that the current was repeatedly
switched on and off, and the corresponding displacement jumps read on the dial
indicator, This method proved the most consistent of several tried.

4.24 $d as a Function of Pressure and Linear Displacement, Sd = f(P'f)

The last of the four possible methods determined Sd as a function of pressure and
linear displacement. That is

Sd =- F A = d
fd fd V1dI

This method failed to produce usable data The combination of the jerkiness
mentioned in paragraph 4 232 and the Inability to obtain precise control of the
air pressure led to the abandonment of this method.

4.25 Resonant Method

In paradraph 8. 1 it is shown that the resonant frequency of the diaphragm Is
given. by

This equation is used to find ld, diven Sd, However, if Md is measured by a means
independent of S., such a value could be used here to find Sd. Such a value is
given in paragq 6.222 The resonant frequency is found by noting the frequency
at which the Impedance peaks or the current through the coil dips.
Wen - 5. green and f 222 cps

S, = #,(fd(f)2 = 155(2yr) 2 (222) 2 = 3.02X10 8 dynes/on

4.3 Data umamry
Mb four method. of measuring Sd provide the final data:
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" d DeV I AT I ON

Sd = f(V ) 29.9X108  -0 iXlo 8

sd zf(VP) 28 9X10 6  -1 1XIo6

s ( = f(.4) 30.xo10 +0 9X108

Sd 41d30 2X108  +0. 2X1015.. ~~Sd = Pyd,f') -02z 6 ,.xo

Average 30.0X108 (±i0X108) dynes/cm

5. 0 MZAUJMMT OF THE EFFECTIVE AA (F THE DIAPMAG Ad

51 Analysis

The symbol Ad is used to represent the area of an equivalent piston diaphragm;

that is, a diaphragm which moves like a plstan, and whose area relat-es the force
and pressure on the diaphragm which produce the sine volume displacsment. That is

FAd = N 2= dAd
Sd Sd

The linear displacement fd is also defined by the above relationship. Two

totally independent methods were used to measure Ad. In one, the geometry of the
diaphragm was used; in the other, the relationship between the force and pressure

exerted On the diaphragm was used..

S.2 Methods

5.21 Diaphragm Geometry

5.211 Description

Inamdh as the amplitude of vibration In small cmpared to the radial Aimansics

of the diaphragm, the assumption Is made that the volume displacement, in one

direction, is ieometrioally equivalent to the volume of the frustum of a right

circular cone. This is schematically shown in Pig 9. With this assumption,

c be oala cated f om the linear meastrement of the diaphragm. This calculs-

tion is also show in rid. 9.

fte measurement of the radii r l and rwas mnd with vernier calipers after

carefhl vivarl examination of the diaphragm to ascertain the inmw ad outer edges
of the ocmpliedt flane part of the diaphrgm.

5.212 Dasta

fYe adii were measured

% 1.8 = *0. 5 m

r= 25.4 mm 0.8 l

is

K",.i¢.



3,14

Ad (16.8 -5: 1 e- , 5 2 4 .5 4 )

Ad  14. 0 cm" 
q

5 22 AC, as a Function of the Force-to-Pressure Ratio, Ad f(F/P)

5-221 Description

[Prom the definition of Ad in paragraph 5 1

V . FAdc 'Ad' FSd Sd , or Ad P

The terms F and P here are the force and pressure which produce the same volume

displacement. Such data are available from the diaphragm stiffness measurements.

5.222 Data

The stiffness measurement data in Figs 6 and 8 may be used with the following
identities:

Ad  P p D] P

i 1
From Fg 8, - :: - abamp/em

D 49 0

D 5. 87
From Fig, 7, P 105 cm/mIcrobar

From other measurements, BL 10.2XI0 8 gauss-cm

C *'o *
Ad 1.2X 4 05o 13-.72 cm

Using data which repeated those in Figs 6 and 7, but which are not included in this

report because D was incorrectly measured (it cancels out here), another value of

Ad is obtained

Ad = 13.9 cm 2

5.3 Data Summaiy

The measurements In the Ad f(P/P) method are estimated to be much more accurate

than the geometry method. Therefore, greater weight has been given to the two

values of Ad obtained from the seeond method

10



[)LVI Al ION

Ad f(rb r,) 141 .00 :'
Ad

Ad j(11 ""1 '' (
d1. 9 ; 0 1

weltgi. t, ccd 1v' 'i 18.[34 cm'

Accep tel ,, r., 13.f3 (.J0. 2) cm"

6. 0 MEASUREMENT OF THE E!.FFECrIVE DIAPIIRAGM MASS Md

6 1 Analysi s

The mechanical circut t of the diaphragm i; a simple series circuit as shown iii
;jg10

R (friction)

force

,Yd

Fig. 10. Mechanical circuit of diaphragm

Its resonant frequency is given by the familiar equation

1 S

277 J(1/Sd) 27 Ir d

This equation defines Y d in termn of Sd and f. The equation also provides two
methods of finding Md The first is by simple calculation, given Sd and f. The
scoond is by changing Md by a known amount and noting the changIe in f',

That is, fo:" 1d.1

Now add a mass AN to Nd, and let the new resonant frequency f 0 t &f f,

271F -N f



DividIng (3. 1) by (6 2) and s3uaring produces

to2  Ma +V +
f12 yd Y/d

yd =

(fo/f1)2 -

1-n cn cicctr_.:dx.mmi driver, as we have here, the mechanical impedance appears
as an electrical conductance at the electrical terminals. Therefore, at mechanical
resonance the mechanical impedance dips, but the electrical impedance peaks. With
a constant voltage or constant power source, the current will then dip sharply In
this low-frequency system, the voltage at the attenuator output is proporticnal to
the driving current, and thus can be used to find the resonant frequency,

6.2 Methods

6.21 Nd as a Function of Sd and the Resonant Frequency. Hd ..: f(Sd.f)

Using the attenuator output voltage as an indicator, the resonant frequency of
the diaphragm was found to be 222 cps, From paragraph 4..3 Sd was taken as 30X106

Using these values in the equation

S
or ,d =

30X 10 6

we have 'd (27T222) 2 = 15.4 grams

6.22 Md as a Function of Changes in Diaphragm. Maas and the Resonant Frequency,

m d = ,'(AN,Af)

6.221 Description

.To use, equation (8..3) derivedin paragraph 8.1, a known mass must.be.added to the

diaphragm in a manner such that AN and Md continue to act like a single lumped

constant. The method used here was to mount small lead slugs on the dome of the

diaphragm using a sticky material (Korite) for.an adhesive.

The data obtained appeared accurate and consistent until AV became greater than NVd ,

The attenvator output voltage was again used as an indicator to locate the

resonant frequencies.



The oscillator frequency scale rcqui'ed careful and frequent calibration because

of persistent drifting This drifting was believed to be caused by temperature
changes in the oscillator The oscillator calibration was made by putting the
oscillator frequency on the Y. plates of an oscilloscope, and the 80-cps power
frequency on the X plates. A sufficient number of Lissajous figures can be
obtained this way to plot a calibration curve.,

6.222 Data

The data obtained using the equation

' d ff )2.1

are tabulated below:

FREQUENCY

DIAL CORRECTED (GRAMS) 'd  DEVIATION

243 222 0

216 197 4.2 15-55 +0.05

185 169 11,2 15.45 - .05

179 164 13,0 15 60 + 10

365 152 20,3 17.88 (not used)

Average 15, 5 grams

6.3 Data Summary

The two methods used show good agrcement. The first was largely. dependent on SC
and the resonant frequency, The second was dependent only oi Nd. A constant error

in frequency would cancel out. The methods are therefore more independent of each

other than it would first appear,.

Nd = fISC,f) = 15.4 grams

)d = f(4,Af) = 15.g.Srams

Accepted value 15.4 (±0,,2) grams

7,0 MASURDMNT OF TME MANOMETER TUBE .CROSS- SECTIONAL AREA A i.

AM can be determined by simple measurement of the tube diameter on the microscope

scale. The .inside diameter of the two ends of the manometer tube were examined in
this manner. The diameter.in different directions was noted. All diameters
examined measured 0.350 cm *0.001.cm, In addition, the outside diameters were
examined at various points on the tube, and showed good consistency, and no
distortion. No other type of measurement was made.
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Am 27rr2 = 7 2 0, 0061 cm2

Am = 0.096 (±0.002) cm
2

8.0 MEASUREMENT OF ATTENUATOR.CIRCUIT.CONSTANTS R, R 1, R2, and T.

8. 1 Analysis

The attenuator circuit constants relate the voltage CA to the projector current
t as shown in Fig. 11 This same relationship is used in equation (2.1), There

is little reason for these constants to change from their original values, but
they should nevertheless be checked The easiest method of checking is to reduce

the four constants to two, that is

(a) RR2

R+Rl+R2

(b) T (voltage attenuation-in db)

or T' (voltage attenuation in numerical ratio)

where 20 log T = T

In this way the constants are checked exactly as they are used in equation (2.1).,

The original values are

R- 23.5 ohms..-,

R1  575 ohmu

R2 = 800 ohms

T 0 - 45 db in 1-db steps

Fromthe above

(a) =  R2 =11,.?

R+R +R2

8.2 Methods

In order to provide more than one method of checking the constants, both a d-C

and an a-c method were used.

8.21 .D-c Method

The, circuit shown in Fig. 11 was set up., A known direct current was supplied,
and the voltagc CA measured. .The measured eA was then compared to the calculated
eA. ,The data are tabulated in Fig, 11.
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SIMULATED LOAD

T______ 23,So.MA

RI <#, 575u)
R 2  <
60O

FATTENUATOR Note: Meter accuracy

Lf estimated at ±3%.

eA

CALCULATED eA iRR2  T' T 11. 7iT'R+kR 2  23. 5+575+600

MEASURED CALCULATED

T-P i eA DIFFERENCE

(0 db) 1 90 ma 1. 03 v 1.00 v 3%
1 100 1,117 1.18 1%

1 110 1.29 1.29 0

1120 1.42 1.42 0

1140 1.86 1.85 0.5%

1180 2.18 2.12 2%

Fie. 11. D~c attenuator eircuit cheek

24,



8.22 A-c Method

The circuit shown in Fig 12 was set up. An alternating current was supplied

The current was calculated from ei The measured eA was compared with the calcu-

lated eA. The data are tabulated in Fig. 12.

8.23 Attenuator T

The data in Fig. 12 provide.a check on the attenuator at zero and 8 db (88 on the

attenuator dial). Beyond this, it is only necessary to note whether 1-db changes

in the attenuator produce corresponding 1-db changes in the voltmeter shown in

Fig. 12. This was done, and the attenuator range of 0 - 45 db in 1-db steps was

verified.

8.3 Data Summary

All the data comparing the measured and calculated eA showed good.agreement,

Therefore the value of (a) is accepted as

RR 2  11,,7 (±39) ohms

RI+R +R2

The attenuator constant T is accepted as ranging from zero to 45.db in 1-db

steps., On the attenuator dial, this range is read as -80 to -125 db.

9.0 SUMMARY AND TABULATION OF SYSTEM CONSTANTS

9.1 Discussion

The values measured here are in general agreement with the original values given

in the CGRD report, with the exception of BL. This factor is considerably smaller,

probably.because the projector housing had been flooded.and the magnet rusted,

requiring disassembly of the magnet for cleaning. This.disassembly.undoubtedly

reduced the magnetic induction. B by a considerable amount--from.approximately

13,000 to 7,000 gauss, according to the available data.

9.2 Tabulation

BL = 10.2X10 (±0.2XlO6 ) gauss-cm

Sd = 30OX1O6 (±l.0OXlO8 ) dynes/em

d = 15.4 (±0.2) grams

Am = 0.098 (±O.002).cm
2

Ad = 13.8,(±O.2).cm
2

RRt

- = 11,7 (±3%) ohms
P+R i+J2



SIMULATED LOAD

OSC ILLATOR 2.S

P.A.+R 23.5+7&o 0

MEAURE CALULT)_ _ _3 

_ _ _ _ e A' "I 
F F R N C

1.0 1.125 ~60 0 6 1 .9

0.5 .00 1334107 0.5 0.5

Fig.12.A-cattnuatr crcut ceck

ATTENUAaO
T.N 

tg T4 c u2 2 . 5 
r c y e s i m a t e



!0.0 MEASUREMENT OF TilE CIHAMBER STIFFNESS S

S is defined a:; the chunbcr sttffness effective at the diaphragm. In effect,

this means that .c is -imaller than the true chamber stifIess by a factor equal
to the ratio of' A( to the chamber area (1 c , wall space). This concept is

necessary to avoid measurement of the chamber area From equations (2.2), (2,3),

ani (2.4)

Sc :2hpgAd

( (0 . BL i - 2h pg Ad)/Sd) (Am /Ad)

If we take p. 13.5 g/cm3 , g : 980 cm/sec 2 , and insert the measured values from

paragraph 9. 2, SC becomes

(i. 5 IX106)h
SC O 141i - 0.0700h

Thus S¢ is measured as a function of the variables i and h.

At this point, it is advisable to review the operations Involved in determining

Sc. The system is closed and ready for a hydrophone calibration. A measured

direct current is driven through the voice coil,. The diaphragm moves out (or in)

causing a volume displacement of the water If the chamber is infinitely stiff,
all -the volume displacement will be passed through the mercury manometer, causing a

linear displacement h0 of the mercury level. However, the chamber is not infinitely
stiff, and some volume displacement is shunted through such acoustic by-passes as

the expanding chamber tank, a compressed air bubble, or a soft hydrophone. Thus,

the linear displacement h of the mercury level will be something less than ho

depending on the magnitude of SC. The data is simplified if i is taken at a fixed

valu. Let i 200 ma: then

( 1I, 5 _1X O )0 h10 
1

C 0 028 - 0. 0'79h

11,0 FINDING 71 AS A FUNCTION'OF S c AND w

The final step in the cal.ibration of the system ie to insert the values of the

system constants in equation (2 1), and find 71 as a function of the two remaining

variables h and W, and the adjustable constant 'v

[ioRR2Ad(Sc+Sd 2 d
-? 20 (R+R 1+R2 )ST J

i27



r. the measured value: 'rom parar;tph 9.;Ire inserted, 71 becomes

SOXJl 7X13 B(S c  30xio- 0,
2.s 4))

C

77 eqt0 (1 . 1' fruSio 2Ox36 S c T

71 20 lo, -- + T(i ,I
i04  S

30X 146"- 15. 4 2

7:-76 + 20 log I + -T
S¢

t3ubstituting equation ( 1.0 1) for SC produces

[ 0 28-0o079h 8 1

77 -76 + 20 log 1 + 0 28-00 7  (30X10-15.,4)J - T (11 .2)i . 5 IX 1.06h

This is the final equation for the calibration -q in terms of the variables h and
ca and the adjustable constant T.

12.0 CORRECTION. FACTORS

The attenuator dial which adjusts T. from 0 to +45 db is actually labeled from -80
to -125 db. Therefore, when the dial is adjusted to match CA with eH (see Pig 1),
it will correctly read the hydrophone calibration 77 only if -80 is added to -T
Therefore,

77 -80 -T (12. 1)

frovm equations (11 2) and (12.1).,
If the dial is to read correctly, (1..2) and (12.1) must be equal, or

-76 4 20 log I + 0.028-0.079h (30X106 - 15.4a2) -80 (12.2)1.51X 106h 3010

If, in a given condition, h and (a have values such that (12.2) is not an identity,
a correction must be made, From equations (11.1) and (12 2), It is clear that if
S. were infinite, the variable part of (12.,2) would drop out and (12.2) would
reduce to

-78 V -80

A constant correction of -4 would then be required.,
This constant correction factor is a result of the change of the system constants,,

A readjustment of the attenuator dial would completely eliminate It.
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SInce Sc is less than infinite, a variable correction i- always required also
Thi:; "stiffness correction" is determined by

-76 + 20 log t f (30X 06-15,4w? ) 4 correction-: -801, 51 XlO(h

or or 0,028-0 070h

correction = -4 - 20 log I + 1,52B Ooh (30X106"]5_4 2) (12 3)

Correction charts or graphs can be prepared from equation (12.3) which will

conveniently show the correction as a funct ion of A and w (or f where f = 270.

The chart used as a result of this calibration is shown in Fig. 13.

13,0 CALIBRATION PRECISION

13.1 Theory

To find the over-all precision of the system as it is affected by the measurements

made during the system calibration, the following conventional analysis was used:

(a) Starting with the estimated probable maximum error in each measured constant
or variable, the error in r, produced by each of these measurement errors was

calculated

(b) The square root of the sum of squares of these calculated errors was then
found.. This figure is the over-all precision of the system calibration.

(c) The precision was.converted from absolute values to db measure. To illustrate,

let 77 ; f(x,y,z)

and 6x 7 maximum error in x

Ay = maximum error in y

Az = maximum error in z

Then EX = (b?/Zx)x = error in 77 due to 6x

=y (B 7 7/by)Ay error in 7) due to Ay

z= (n/Dz)6z error in 77 due to Az.
The over-all precision will then be

E 2  Y Ey2 + z 2

The theory requires all measurement errors to be independent of each other. In

this calibration there has been some interdependence of the measurements; however,
in the measurement of each constant, one or more totally independent methods have

been used, With this in mind, the estimated maximum.errors have been made large
enough so that if only the totally independent measurements were used the precision
of the system calibration would not be less than this analysis shows.
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3. 23.6 4. -1 -

2 G" 2.62
I -40 CPS AND LOWER
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I 2 . ......... 4- --, ..... .
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I 90c p
2.0 . .. . .i'

7.4

7.2

1.0 - .-.--- I--F ,- - --

0. .........

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

'i1IFFNESS COHRIC'..' IN O 0

Fig. 13. Stiffieaj Correction vi inometer difference
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1.1 2 Aialyst to

I ()RR I S .

i) 20 log R? iF114 (AdI T

II" we write
20 Iog 1'

20 log T' -'

R+R 1+R,

Ti 7' KT' {Ad) 1 +. (13 1)

From equations (2,2), (2 3), and (2 4)

1 (0.i)BLi .. Am (13 2)

s 2,hpgAdSd Sd 2PffAd2

Substituting f13 2) into (13 1) and r!arranging terms produces

I -I2  SdA _ d d( 1o.)i J#adAd #Am (3
'hpi BL2pgAid  2hpaSd SdBL -pgAjBL

Equation (13 3) gives t}' as a function of twelve values:

(a) The measured congtants, DL, Sd, Md, Am, Ad, and X, whose values and precisions
are tabulated in paragraph 9.2.
(b) h, i, *>, and T' whose values and precisions are known from direct observation
and use of the system equilpment.

(c) p. and g whose values and precisions are available from handbooks Since p. and g
are used only together as a product, they can be combined Into a single const3nt )W,

The calculation requires an assumption of nominal values of all the variables nd
constants. These nominal. values, ,together with probable maximum errors, ara listed
below. Note that T' is taken at 1,. Using this value reaults in the computation of
maximum errors in 7)' C is taken at two points, 0 and 20Or, its minimum and maximum
values.
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NOMINAl VALUE MAXIMUM [RROR UNITS

t (17  iO. : gaus-m

'3X 10 7  ±1 0 dyne, -,n

Nd  15 ±0 2 grams

Am X 1 ±0 002 cm2

Ad  14 0 2 cm'2

K 117 ±3.5 ohms

S1 ±O 03

h 0.2 ±0.01 cm

0 2 ±0.001 amp

0 and 2007r ±2n i/sec

pg 14,000 ±280 2ram/cm2-sec 2

13,3 Calculation

The partial differentiation of 71' with respect to each constant or variable

involves much tedious calculation which is superfluous to the purpose of this

report. Consequently, only one variable, h, will be completely worked out, and

only the results of the other calculations presented.

T - a (0 01) )i - Sd-A Nd(0. 1) . + "A_

S 2hpg L2pgAd 2hpgSd  SdBL 2pgrA 'BL

KT'V ) TV 0+f o2 d ( 0. 1)i 0

(Ih0+- 22pgS + 0 + (0.01)
hx 2 22pg h2pgSd

= T -l -!-i iod o

Inserting the nominal values and taking w = 2007r, we have

(117)(0'2) [ OX00
5 h -- o o1i- (ooi) = -1.3' x10 6

and for co 0

C h 117)(0.2) (i)(0.01) = -2.08X1078

(0.04) (20) (14,000)
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By -,ii2:L .r calculation&

(o = 200r) (, O)

(K 7(r'/K)AK +9, 34Xi0 8  +30 5XIO- 6

CT'I (PTi'/'T' )AT' = +9.34X10 - 6  +10 5XIO- 6

C ('/7i/ )i. - +1.67X10-6  42, OBXlO -6

pg= (,r'/D[pg] )A(pg,) --8.40X1o-  -9 70X1o- 6

Es. ("r)/Sd)id =l.14X10 -6 10 30X10 - 6

A 0 qn'/DA),IMv = .-1 43XO -6  -1.,75X1076

BL L(' DBL)\L = +0. 78X10 6  + 1., 79X 10- 6

E Ad (2)77'/Ad)AAd +1 56X10 6-  +1.28X10-6

= ('r/'/w,).' =0 58X10 -6  0

Ely (n'/ ),¥d f OOXC -  0

The over-all probable error, defined as /k7' becomes

t l& 2 + 2 + C. 2 + E 2 + C 2 + E~ E2 d++E +-2+ 2T pg + E,, YL+ W W h

At co - 0,

, io'lO-10.5 2 +.j o 2.039.)0 24 1.75241, 92+1, 92+2,062)

F331 182 volts

1086 16 p,

At a* 2007ri f - 100 cps)

= C *29. _+9 342+1.672.+. 402+1. 14241.432+0.78241. 240 .592-. 0- 1. 672)

2 ff 17., 1 volts

10 106 .

To convert these absolute values to "db" accuracy, the nominal magnitude of the
hydrophone calibration must be found. We used T' = 1 which means the attenuator
dial read a calibration of -80 db referred to one volt per microbar. From Fig, 13,
and an h assumed to be 2,0 mm, a correction of 10.9 db at 0 cpa, and 10.1 db at
100 cps are applied to -80 db. Thus,
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T1 at 0 cpo, 09. 1 db

7i at 100 cps -09.9 db

3.2
- for 0 cps ( 0 0)
104

3.53- for 100 cps (w = 200u)
10

4

The n

A77'/,' = (18.2/106)(104/3.2) 0.0568 'r 5.7% (at f = 0)

A1'/71' = (17.1./108)(104/3.5) = 0.0488 or 4.9% (at f = 100)

When these percentages are converted to db, the results are as follows:

+5.7*% = +0.48 db

-5.79 = --0.50 db

+4.9% = +0.40 db

-4.9% = -0.44 db

From the values above, the over-all precision of the system calibration can be

estimated to be approximately f0.5 db.

14.0 SUPPLEMENTARY NOTES ON RECENT CALIBRATIONS

Since the first calibration of the low-frequency system at the USRL, it has

been necessary to replace the diaphragm assembly or magnet twice. Each such
change has required a recalibration of the system. In general, the same analysis
and techniques as are described in this report have been used in these subsequent

calibrations, but several refinements in the techniques have been made and are

discussed below.

14 1 BL Measurement

The use of a fluxmeter has simplified the measurement of the L force factor
to a large degree., A Rawson type 504 fluxmeter which measures a maximum of

1500,000 maxwells per turn of a search coil was used,. The voice coil was used

as the search coil, and moved through a measured displacement -in the magnetic

gap. This displacement was measured with a Starret dial Indicator (No.. O65-T3).
Th:r magnitude of this displacement was 0.002 inch, which is approximately the
vibrational peak-to-peak amplitude of the diaphragm in normal use. Because
the voice coil has a resistance !arger than that specified for use with the
Rawson fluxmeter, suitable corrections must be made..
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The factor BL is calculated from the measured displacement and flux as follows.

B
A

Bn - n)

Bn 2rr. - -

BL = "

where q6 = flux change, A = area change, n = coil turns, r. = coil radius,

fd = coil displacement.

14 2 Sd Measurement

The use of an accurate dial Indica or such as the Starret No,. 853-T3 which
can measure to an accuracy of ±0.00005 inch has lead to the exclusive use of
the linear displacement methods discussed in paragraph 4.1

1,3 Md Measurement

The resonant frequency of the diaphragm changes with static pressure head or
"at rest" location of the diaphragm and voice coil. This change has been found
to be of sufficient Magnitude to require resonant frequency measurements to be
made under this normal static head, which is about 2 inches of mercury. This
head is applied with a small vacuum or negative pressure in the inside of the
driver,,
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